Gut immunity plays a crucial role in maintenance of the whole body immunity being the first and most important line of defence from various pathogenic organisms and substances consumed with feed and able to colonize host cells and tissues. The role of protective mechanisms in the gut is difficult to overestimate. For example, the process of learning distinguishing between «self and non-self» taking place in the gut are fundamental for the immunity development as well as for the development of nutrient tolerance. It is necessary to underline that structural changes in the gut, in particular at the mucosa level are responsible for decreasing efficacy of nutrient assimilation from the feed. Therefore, gut status determines the chicken health, utilization of nutrients and biologically active substances (FCR) and other important commercially relevant parameters of the poultry production. This review summarises recent knowledge about the development and functioning of protective immunological mechanisms in the gut. A particular attention is paid to the possibilities on the modulation of gut immunity by a mixture of biological active substances.
In post-hatch period a chick grows so fast that its weight increases 4.4 times in the 1 st week of life, and by 5000 % after 5 weeks when it amounts 2 kg. Such high productive indices now are attainable owing to intense selection for growth rate, efficient healthcare and livestock management, and improved nutrition satisfying needs in all basic nutrients and bioactive substances. Growth period of birds is steadily reducing while feed conversion constantly improves, so maintenance of health and optimization of feeding are the priority tasks of poultry industry. Today, the production technology increasingly involves a subtle level of regulation and considers minor factors previously neglected in theory and practice. For example, changes in microstructure of the intestine, particularly in its mucosa, may reduce assimilation of nutrients, which affects the general health, the efficiency of utilization of nutrients and bioactive substances, and, therefore, growth, development, feed conversion, and other important economic parameters of poultry industry. The intestine is the first level of defense from exogenous pathogens that colonize host cells and tissues, and this is also the largest organ with immune properties.
In this regard, protective mechanisms in the gut including its immune system are so particular that deserve a detailed consideration. Any growing organism pays significant energy costs for immune protection. For example, the acute phase of immune response in chickens is associated with the decline in feed intake and productivity, and up to 10% extra consumption of nutrients that otherwise could be utilized in growth and development (1) . In a fast-growing broiler about 12 % of newly synthesized proteins are spent on the maintenance of homeostasis in the digestive tract. Intense proliferation reduces the age and maturity of goblet cells, which may affect the quality of secreted mucin and thereby suppress the absorption of nutrients (2) . Besides, quick renewal of these cells raises demands in energy for plastic and enzymatic processes in the intestine. Changes of the intestinal morphology may lead to hindered absorption, hypersecretion, diarrhea, reduced immunity and general productivity of a stock (3) .
The purpose of this review was compilation of the latest scientific facts about gut immunity in birds. Concurrence for nutrients and insertion sites Bacteriocines Bacteriophages Short-chain fatty acids
Gut defenses in birds (explanation -see below).
Gen er a l ch ar a ct eri st i cs of pr ot e ct i ve m ech a n i sms i n th e ga str oi n t est in a l tr a ct ( Fig.) . The first group of factors includes physical barriers and specific conditions of the media. High rate of cellular renewal in the mucous layer prevents colonization of pathogenic microorganisms; protective properties of mucin inhibit penetration of microorganisms and their attachment to intestinal villi; low pH in the glandular stomach and small intestine is unfavorable for development of pathogenic microbes; oxygen suppresses proliferation of anaerobes; protective properties of pancreatic juice and bile (undigested food is a substrate for development of many microorganisms including pathogens); intestinal peristalsis and constant motility of the chyme reduce probability of attachment of pathogens to the villi. The second group are components of the immune system, such as antimicrobial peptides (defensins); lysozyme; mucin synthesized in response to cytokines, bacterial products, and growth factors; gut immunoglobulins facilitates successful antimicrobial defense; lymphoid tissue provides recognition of foreign antigens and immune responses associated with factors of congenital (phagocytic cells, NK-cells, etc.) and acquired immunity (B-and T-lymphocytes, their metabolic products). The third group of factors are synergistic microorganisms (gut microbiota), their bacteriophages, and products of their vital function (bacteriocins, short chain fatty acids).
In farm animals and poultry, intestinal mucosa is the greatest surface contacting with external environment and its foreign antigens, and protected by a special mechanism of effective defense against invasion. Different mucosal barriers have common histological features with small local differences associated with anatomy of the tissue, its location, and physiological functions. For this reason immunological barriers of mucosa (MALT -mucosa-associated lymphoid tissue) are divided into subgroups: GALT (gastrointestinal-associated lymphoid tissue), BALT (bronchus-associated lymphoid tissue), NALT (nasal-associated lymphoid tissue), which represent lymphoid tissue associated with, respectively, the intestine, bronchi, nasopharynx, and also present in salivary glands and in the genitourinary system.
GALT is the main component of MALT; it is a complex infrastructure of immune cells and organs located in the epithelial layer and adjacent to lamina propria. GALT includes several types of cells including special inducers, immunoregulators, and effectors that are distinct from those involved in systemic immunity functions (4) . Unlike mammals, chickens have no lymph nodes, so the induction and development of immune response occurs mainly in GALT and in the spleen. This fact shows why it's so important to understand the development and functional maturation of GALT as one of the fundamental immunological phenomena in birds including the immune response or tolerance to different antigens (4, 5) . The most important task of the intestinal immune system is recognition "friend or foe" and adaptive tolerance to "friendly" antigens (e.g., nutrients or synergistic microbial populations), as well as active immune response to "foes". Any breach in this system may lead to allergic reactions for nutrients, tolerance to pathogens, and excessive consumption of feed nutrients and bioactive substances. So, gut immunity is regulated by fine fundamental mechanisms; peculiarities of these processes in birds and their distinctions from the ones described in other animal species, such as mammals, will be discussed below.
Spe ci fi c a n d n on speci fi c d e fen se fa ct or s. Physical barriers in the intestine. Intestinal mucosa is covered with microvillous simple columnar epithelium (enterocytes) that functions as a physical barrier between the external and internal environment of the body, that also provides digestion and absorption of nutrients. Enterocytes have specific apical membrane receptors that recognize bacterial antigens, which causes activation of local immune responses (6) . Other cells of gut immune defense are goblet cells, M-cells, and Paneth cells. In avian gut only goblet cells were studied in detail: their main function is secretion of mucin and they develop from the same progenitor which enterocytes (7, 8) .
Role of mucins in gut immunity. Mucus is synthesized and secreted by goblet cells in the intestinal mucosa where it acts as security barrier, lubricant, and a kind of transport system between gut contents and epithelial cells. Mucins are a group of glycosylated proteins with a molecular weight of 20 000 daltons that primarily prevent penetration of various pathogens through the mucosa (9) (10) (11) . Mucin molecule is a complex glycoprotein biopolymer in which oligosaccharides (up to 50-80% its molecular weight) are connected to protein subunits via O-glycoside bond between hydroxyl groups of serine or threonine; the abundance of sulfate groups (sulfomucins) and carboxylate groups (sialomucins) contributes to a negative charge of the mucous layer.
The surface of enterocytes is covered by two layers of the secreted mucin -the inner dense layer and the outer thinned layer (10) . Such layers significantly hamper adhesion of bacteria to epithelial cells. Moreover, mucin binds to bacterial receptors and thereby blocks their ability to adsorb on the cell surface before penetration (7) . Activity of genes involved in the synthesis of mucins is controlled at the transcriptional level by cytokines, bacterial products, and growth factors. Biosynthesis of mucin also depends on conditions and/or agents that provide differentiation of cells into mature goblet cells. It is also affected by reactions of glycosylation and protein synthesis, as well as some other processes (12) . Mucins in the layer covering the villa are composed of neutral and acidic molecules. The presence of charged groups in the molecule of mucin is often regarded as a reason of its ability to protect the epithelium from various pathogens and participate the absorption of nutrients. Along with it, mucin layer on the surface of mucosa is a source of nutrients for many intestinal organisms, and some species of intestinal bacteria can utilize polysaccharides of mucin.
Thus, there's a fine relationship between the gut microflora and the amount of mucin. The two types of mucin on the surface of cells interact with each other to form immiscible aqueous layer adjacent to mucosa, thereby to establish and maintain a constant level of specific pH. Molecular mechanisms of this phenomenon are not yet clear, though it is supposed to be associated with binding of hydrogen ions to bicarbonate secreted by the mucosal layer (7) . It is believed that the local medium is slightly acidic or neutral (pH7). Acidity / alkalinity affects the growth of microorganisms, so it is quite important for the control of intestinal microflora, its number and composition. The immiscible aqueous layer serves as a molecular filter between gut contents and the surface of intestinal microvilli. The main strategy of digestion in the small intestine is treating feed particles by pancreatic enzymes up to a size small enough to penetrate such layer and complete digestion. The surface enzymes are protected from proteolytic degradation, while products of digestion are not available for gut microbes. An interesting fact is that goblet cells can change composition of secreted mucin in response to the presence of microorganisms (11) . For example, Clostridium perfringens cause them to produce acid molecules instead of neutral ones, which can be seen as an attempt to maintain the optimum pH value in changed conditions. Mucin has low rate of degradation before it appears in anaerobic conditions of the large intestine.
Dietary factors, e.g. phytate and fiber, promote secretion of mucin. Anti-nutritional factors may cause increased production of mucin: their abrasive action removes mucin layer from the mucosa, which then is compensated by goblet cells that enhance the synthesis of mucin. Specific amino acids and proteins also affect the synthesis / secretion of mucin; they can interact directly with goblet cells or with nerve endings of the intestine. Amino acids threonine, serine, and cysteine significantly affect the production of mucin, as they are its components: e.g., threonine is about 11 % amino acid sequence of mucin. Suppressed synthesis of mucin in birds may be harmful for intestinal mucosa and reduce local utilization of nutrients (13) .
An t im i cr obi a l pept i des. It's a known fact that avian heterophils do not contain the enzyme myeloperoxidase necessary for the formation of toxic nitrogen metabolites that cause death of pathogens. That's why bactericidal functions of heterophils are based mainly on non-oxidative mechanisms provided by enzymes and antibacterial substances of heterophilic granules (14, 15) . Antimicrobial peptides (AMP) are the most important components of the innate immunity in all animals, from flies to mammals. They can disrupt the integrity of membranes of microorganisms (16) . In vertebrates, there are two families of AMP: defensins and cathelicidins. Mammals have -and -defensins (17) . Alfa-defensins are unique for mammals, while beta-defensins are more common; in chickens, four types of beta-defensins named gallinacins were discovered already at early stage of research (18) (19) (20) . The homologous peptides were described in turkeys (18, 20) . Gallinacins Gal-1, Gal-1, and Gal-2 were isolated from chicken heterophils while Gal-3 was found in various epithelial tissues; induction of Gal-3 occurred during infection, e.g. in the trachea (20) . Gallinacins are effective against many gram-positive and gram-negative bacteria species with varying specificity. Defensins Gal-1 and Gal-1 also showed the activity against yeast Candida albicans (14, 21, 22) . Antibacterial -defensins Gal-1 and Gal-2 found in avian heterophils are considered as major factors of birds' immunity to pathogenic bacteria and fungi (23) .
Then in chickens were described seven other gallinacins (from Gal-4 to Gal-10) (24) . The authors observed a moderate expression of Gal-1and Gal-2 in the bursa Fabricii and in the gut. Expression of the others (new discovered) gallinacins varied in different tissues including the small and large intestines. Gallinacins play an important role in adaptive evolution of animals and birds being involved in adaptation to changed environment and expanded diversity of pathogens. In chickens, a significant production of beta-defensin Gal-6 occurred in the esophagus and craw, moderate -in the glandular stomach, and low -in other parts of the gut (25) . Gal-6 showed a significant antibacterial activity against Campylobacter sp., Salmonella sp., Clostridia sp., and Escherichia coli; it suppressed their growth and caused dose-dependent changes in their morphology (intracellular granulation, cytoplasm retraction, irregular formation of cell walls in dividing cells), and lysis. Anti-salmonella effect of gallinacins Gal-9, Gal-4, and Gal-7 can be ranked as: Gal-9  Gal-4 > Gal-7 (26), moreover, Gal-7 and Gal-9 have synergistic effect against S. enteriditis. The authors found a notable expression of Gal-11 in the small intestine, liver, gallbladder, and spleen of chickens, Gal-13 was detected in the colon, while other beta-defensins were not identified in the gut (24, 27, 28) . Studying the properties of synthetic Gal-11, it was found to be effective against enteric pathogens including S. typhimurium and Listeria monocytogenes (27) . Eight of the 14 recently studied betadefensins of chickens are tissue-specific: AvBD1, AvBD7, and AvBD9 were found in the craw, AvBD8, AvBD10, and AvBD13 -in the gut, AvBD1 and AvBD7 -in the spleen (29) .
Cathelicidins are the another family of antimicrobial proteins found mainly in non-peroxidase granules of neutrophils. Cathelicidins are encoded in the genome as propeptides, which then are activated by proteases to form bioactive peptides of 12-97 amino acids (30) . Most of cathelicidins show different occurrence in tissues, antimicrobial activity against a number of Gram-positive and Gram-negative bacteria, fungi, protozoa, and viruses (31) . They also bind and neutralize endotoxins (32) , induce chemotaxis of neutrophils, T-cells, and monocytes (33) . Cathelicidins were found in various mammals (34) and in chickens (24) . The main producers of cathelicidins are neutrophils.
Recently it was described a new cathelicidin of chickens -myeloid antimicrobial peptide 27 (CMAP27). The highest expression of this peptide was observed in myeloid / lymphoid tissues and testes. The active synthesis of mRNA of CMAP27 was detected in bursa Fabricii and in the bone marrow. CMAP27 is intensely produced in cecal amygdales and in the lymphoid tissue localized near the ileocolic junction, and less intense -in other parts of the gut including the glandular stomach (35) . Cathelicidin-2 often presents in heterophils in the form of rod-shaped granules, though it is absent in other cells of the peripheral blood and in the intestinal epithelium of chickens. It was shown that lipopolysaccharides of Salmonella stimulate heterophils to release cathelicidin-2 with time-dependent effect (36) . Thus, cathelicidin-2 showed antibacterial and fungicidal activity against various pathogenic microorganisms including Salmonella. Along with it, cathelicidins are immunoregulators that affect production of cytokines and renewal of the immunocompetent cellular pool, they bind endotoxins and reduce endotoxin-mediated inflammatory response (37) .
Lysozyme activity. Lysozyme (EC 3.2.17) is the relatively low-molecular enzyme that catalyses specific cleavage of polysaccharides (peptidoglycans and chitodextrin) in the cell wall of bacteria. Three types of lysozyme are classified according to peculiarities of their amino acid -c (chicken), g (goose), and i (invertebrates) (38) . Egg white of most of bird species including hens contains c-type lysozyme, though geese and ostriches have g-type lysozyme. Lysozyme of egg protein is a polypeptide with a molecular weight of 14 300 daltons including 129 amino acid residues. Lysozyme molecule consists of two domains with the active center located between them (39). Lysozyme amounts 3.5 % of total egg protein; its highest content was found in the egg white and in the embryo whose adaptive immunity is yet underdeveloped and provided by non-specific mechanisms; therefore, unless embryo and a chick starts own synthesis of immunoglobulins, it is protected by egg lysozyme. In all animals lysozyme are the key effectors of innate immunity. They hydrolyze -glycoside bond between N-acetylmuramic acid and N-acetylglucosamine of peptidoglycan -the basic component of the bacterial cell wall (40) .
Lysozyme is found in phagocytic and secretory granules of neutrophils, it is synthesized by monocytes, macrophages, and epithelial cells. Significant amounts of lysozyme present in saliva, respiratory mucosa, milk, and other body secretions; it is regarded as the first line factor of antibacterial defense. Many Gram-positive bacteria are rapidly killed by lysozyme in vitro, but Gramnegative bacteria are resistant to it due to the outer membrane that prevents direct access to the peptidoglycan. However, in vivo Gram-negative bacteria become recognizable and sensitive to lysozyme as they are attacked by the components of innate immunityspecific antimicrobial peptides defensins and the complement system disrupting the outer membrane. Since lysozyme is very common in the animal kingdom, bacteria have developed counter measures of own security: in particular, Gram-negative bacteria may produce specific inhibitors of each of the three lysozyme types (41) .
Vertebrates have genes encoding both c-and g-type enzymes, but their expression is species-specific. For example, chicken genome contains genes for one c-type and two g-type lysozymes. C-type lysozyme is actively expressed in the oviduct under the control of steroid hormones. C-type lysozyme is also synthesized in macrophages, and this process is enhanced by bacterial lipopolysaccharides. In the gut of young chickens, c-type lysozyme is expressed up to the age of 8 days, g-type -to the 38 th day. In chicks, g-lysozyme was also found in the liver, kidney, bone marrow, and lungs (38) . Lysozyme is undoubtedly important for gut immunity, but this assumption yet lacks the experimental evidence.
Immunoglobulins. As already mentioned, gut immunity includes both innate and acquired components. The best preventive strategy against infections is avoiding any contact with pathogens and absorbing them by enterocytes (42) , as performed by nonspecific antibacterial substances or specific neutralizing antibodies secreted by epithelial cells into the intestinal lumen (42) . Antibodies provide target suppression of a particular pathogen, while the general "antibacterial arsenal" may kill them both with symbiotic microflora. At the same time, many non-pathogenic bacteria have common antigenic determinants with pathogens, and, therefore, the action of neutralizing antibodies may lead to cross-reactivity.
Neutralization of bacteria through inhibition of their binding to epithelial cells is seen as the main defense mechanism of gut immunity realized by antibodies -IgG, as well as monomeric or dimeric IgA ( 5, 43) . IgG and monomeric IgA are excreted with bile into the foregut or, via the bursal duct, into the hindgut (44) . Plasma cells-producers of IgG or dimeric IgA are located in the intestinal wall and, according to some data, in the bone marrow and spleen (45, 46) . Dimeric IgA are locally synthesized in plasma cells and secreted via enterocytes (43) : they bind to polymeric Ig-receptors (not yet described in birds) on the basal membrane of enterocytes to be transported to the apical membrane and excreted into the lumen (6) . This type of IgA is protected from proteolysis by a so-called secretory component (SC), a peptide fragment of polymeric Ig receptor responsible for transcytolysis of dimeric IgA from the lamina propria into the gut lumen (6) . Similarly to mucin, dimeric IgA inhibits binding of bacteria to cell surface. IgA is innate immune factor with specific action caused by the primary contact with antigens in the intestinal lamina propria (43, 47) .
Gut associated lymphoid tissue (GALT). Unlike other components of the immune system associated with body cavities, GALT deals with two types of antigenic molecules -harmless (usually nutrients, which normally don't cause immune response) and harmful (substances of endogenous or exogenous pathogens). The balance between immune response and tolerance is finely regulated depending on the interaction between immune cells and cells of the gut parenchyma. In other words, any antigenic molecule absorbed
intestine outgoing from the gizzard contains few lymphoid structures -esophageal amygdales located at esophagogastric junction (51) , and aggregates on lamina propria of the gizzard (52) . The gizzard around ileocecal junction contains Peyer's lymphoid follicles (53, 54) ; a lymphoid aggregate was found in Meckel's diverticulum (55) . Histological study revealed a significant amount of lymphoid tissue in the initial segment of duodenum (56) focused around the site of transition of intestinal crypts into almond-shaped crypts with lymphoepithelial lining. This so-called pyloric tonsil is a new discovered lymphoepithelial organ of the avian digestive tract. Therefore, birds have a reliable immunological defense in the small intestine, which distinguishes them from mammals.
Formation and functioning of B-and T-lymphocytes were described in detail in the earlier authors' work (57) . Now it should be mentioned only the formation of antigen-recognizing T-cell receptor as a crucial event in development of T-lymphocytes. Obviously, recognition of any particular antigen in a whole pool is assessed by millions of antigen-recognizing receptors that have unequal specificity. чThese numerous receptors are the result of genetic transformations that occur during proliferation and differentiation of progenitor cells. Antigen-recognizing receptors and other molecules that mediate interaction with antigen-presenting cells appear on the surface of T-lymphocytes during their maturation. These surface molecules of T-lymphocytes are regarded as markers of particular subpopulations of cells and stages of their differentiation; sets of these molecules are denoted by clusters of differentiation (CD) associated with a surface cellular phenotype. Along with T-cell receptor, CD4 and CD8 molecules are involved in recognition of own molecules belonging to the major histocompatibility complex (MHC). T-lymphocytes at later stages of differentiation retain one of these markers allowing to segregate mature T-lymphocytes into CD4+ (T-helpers) and CD8+ (cytotoxic T-lymphocytes).
Lymphoid follicles consist of B-cells immersed in the network of follicular dendrite cells with a small number of CD4 + Tcells and macrophages. Interfollicular space is filled mainly by CD4 + and CD8 + T-cells (58) (59) (60) . Population of T-lymphocytes includes -and -T-cells with, respectively, heterodimeric -and -receptors. These -T-cells recognize antigenic peptides in MHC class I or II by means of CD8 and CD4 molecules. A trimeric complex formed by -receptors of T-cells (TCR-), peptide, and MHC, was found to be a crystalline structure driven by the mechanism of accurate recognition at the molecular level (61-64). In turn, -T-cells recognize non-peptide antigens (e.g., pyrophosphate monoesters and alkylated amines of microbial pathogens) with no participation of MHC (65) (66) (67) (68) . Defense mechanisms against pathogens capable to disrupt the epithelial lining are based on activation of interepithelial lymphocytes such as natural killers (NK), -and -T-cells (62). It's notably that the unique population of CD4 + T-cells -producers of interleukin-17 (T h 17-cells) -is distinct from ordinary T h 1-and T h 2-cells, and it is located mainly in the gut lamina propria of healthy animals (69, 70) . It is still unclear whether T h 17-cells are pathogenic or protective; their specialization and development also need to be further clarified (71) .
Compact lymphoid structures (caecal tonsils, Peyer's patches) include CD4 + -T-cells and B-cells (58, 60) , while diffuse lymphoid components of epithelium and lamina propria -mainly -T-cells (49) . The bursal sac known as a primary source of IgMforming M-cells contains much less CD4+ and CD8+ T-cells (60) .
Leukocytes belonging to the cellular link of innate immunity, -T-lymphocytes, and NK-cells are located mainly in the epithelium (72); their development and functions are similar to such cells of mammals (49, 73) . In chickens, differentiation of -Tlymphocytes occurs in the thymus (74, 75) ; intestinal origin of these cells was shown in mice (76) , but this hypothesis is yet insufficiently investigated. Functionally, -T-and NK-cells can response to stimulation immediately after activation, which is controlled by exogenous cytokines and antigen (77, 78) . Sources of cytokines are activated CD4-or CD8-lymphocytes at immune response (77) and, possibly, stressed enterocytes at early phase of inflammation (79, 80) . So, activated cells -participants of innate immune responses in the intestinal lining, contribute to defense along with activation of cells in the lamina propria.
Peculiarities of adaptive immune responses are associated with the presence of lymphoid follicles formed by B-and Tlymphocytes where specialization and cell division lead to formation of effector lymphocytes. Dividing cells are selected according to specific binding to the antigen transferred by follicular dendritic cells. Then, selected cells differentiate into effector cells or memory cells capable to migrate in body tissues. Scanty amounts of such primary follicles can be found in the small intestine of chickens (54) . Possibly, immune response can be generated in the foregut as well, though primary responses most likely start in the hindgut, bursal duct, bursal sac, and spleen. The importance of cloacal (Fabricius) bursa for primary immune response in birds is the proven fact (81) .
Consequently, immunological activity in the foregut is mainly a secondary process caused by functioning of lamina propria or by immune molecules excreted in the gut lumen with bile or delivered by enterocytes via transcytolysis, whereas primary responses to antigens are generated mainly in the hindgut. These primary responses cause systemic effects, because locally synthesized antibodies are carried away by plasma and effector cells to be then outspread in farther parts of the intestine, spleen, bone marrow, and other organs. A key factor in formation of primary immune responses in the hindgut is its capacity to "select" antigenic material from the environment. This assumption was indirectly evidenced by retrograde (backward) intestinal contraction in birds. In the authors' view, such retrograde motility of the middle intestine improves reabsorption of urine and caecal contents, and provides better absorption of cellulose degradation products and crude protein (82) (83) (84) . Such reverse peristalsis between the middle part of jejunum, duodenum, and even gizzard, was observed in both newly hatched chicks and in adult chickens (85) . So, it is possible that external material enters immunoactive caecal appendices, and, moreover, that antibodies may uplift from the bursal sac into the small intestine. The bursal sac is assumed to participate in immune responses of GALT, although many scientists checking this statement were focused mainly on differentiation of B cells (86, 87) . At the same time, there is a growing evidence for immune functions of the bursal sac and its duct -for example, the active transfer of antigens through the duct into the lumen of bursal sac (88) .
Mor ph ol og y of GA LT . Inner gut lining is formed by intestinal villi and crypts. The villi are covered with simple columnar epithelium with brush-like suction surface containing secretory goblet cells and many intraepithelial leukocytes. In the crypts occurs differentiation and maturation of enterocytes, goblet cells, enteroendocrine cells, and Paneth cells (the latter are still poorly studied in birds) (89, 90) . In both birds and mammals, the intestinal lamina propria contains all types of immune cells including plasma cells, effector T-lymphocytes and memory lymphocytes, macrophages, and granulocytes (14, 73, 96) . Another morphological distinction of avian gut is underdevelopment of Peyer's patches. In the small intestine of chickens, the side opposite to the mesenteric edge demonstrates up to six Peyer's patches (54) (so-called intestinal glands; similar to those of mammals). One of them is located in the ileum (54) . Lymphoid tissue of intestinal glands is submerged in the lamina propria and penetrates the submucosa; it consists of primary and secondary lymphoid follicles that contain mainly lymphocytes separated by interfollicular areas with significant amount of Tlymphocytes (51, 54, 97 ). Peyer's patches are covered with epithelium formed by undifferentiated enterocytes with inclusions of lymphoid cells. This lymphoepithelium mediates the contact between chyme and the gut immune system. Intestinal glands develop very quickly. New hatched chicks have no visible Peyer's patches in histological preparations which though have detectable lymphoid cells; 10 days later the patches can be seen by the naked eye and then they increase in volume up to the age of 3 months. After the 12 th month of life this development is reversed by atrophic processes, and chickens retain the only Peyer's patch in the ileocaecal junction (54, 98) .
Intraepithelial lymphocytes of chickens are represented by a diverse population of cells -NK-cells (91), -and -T-cells
So, in avian gut, lymphoid follicles are the most numerous in ceca, crodeum, proctodeum (54) , and in the bursal canal. These follicles are smaller in size than Peyer's patches of mammals while a similar structure: specialized lymphoepithelium including Mcells (97, 99, 100) and follicular structures that divide and differentiate into T-and B-cells, which both are quite frequent as well. The border zones of these follicles contain all types of macrophages and effector cells (73) . Consequently, in the gut lymphoepithelium of birds (similar to mammals) the main function of M-cells with small rounded apical microvilli is capturing antigens from the gut lumen, processing and transferring them across the epithelial barrier to underlying immune cells, where occurs antigen presentation and initiation of the immune response (97) . M-cells are not involved in absorption and digestion as they have undeveloped brush fringe and enzymatically inactive apical part. In caecal appendices lymphoid follicles are quite frequent: so-called cecal tonsils in the proximal part of cecum, numerous lymph nodes around the appendix, and an aggregate in its apical part (101, 102, 103) . The colon of birds has no lymphoid follicles, but they occur in its terminal part opening into the cloacal bursa -a lymphoid organ located in proctodeal part of the cloaca and involved in primary and secondary immune responses. Mucosa and submucosa of the bursal duct contain many lymphoid follicles (85) . There are single lymphoid nodes in procdeum (hindgut) and urodeum (part of cloaca near urethral orifices) (54) . The structure of the bursal duct is similar to the digestive tract: a columnar epithelium with underlying lamina propria, submucosal layer with exocrine glands, and the muscle layer promoting bursal secrets into the cloaca. Along with lymphoid follicles located in mucosa and submucosa of the bursal sac, there are quite numerous leukocytes in the intestine, as well as many intraepithelial lymphocytes and lymphoid cells in lamina propria (49, 50) . So, the bursa of Fabricius is an important immune organ of birds with functions of a peripheral lymph node and a source of differentiation of B-lymphocytes.
Post -h a t ch devel opm en t of GALT i n ch i cken s. The digestive system of a new chick undergoes successive changes immediately after hatching. There significantly increases weight, number, and length of villi, number of enterocytes, crypt depth, and number of dividing cells. GALT develops rapidly and simultaneously with development of digestive structures and processes. This lymphoid system acts in a close connection with the intestinal parenchyma.
Before hatching, only few leukocytes and lymphocytes responsible for adaptive (specific) immunity can be observed in a chick's gut. These cells represent an early wave of embryonic cell migration from the thymus and the bursal sac; later, such processes occur from the 4-days-age throughout ontogeny. Along with changes in number of lymphocytes, new chicks acquire adaptive immunity that achieves a complete functionality by the 10 th -14 th day of life (104) . From hatching to maturation of own adaptive immune system, gut immunity of a chick depends solely on innate defenses and maternal immunoglobulins of the egg (however, molecular regulation of these processes needs further explanation). In mature immune system of birds its elements are mainly concentrated in distal part of the intestine, including cecal tonsils and the bursa of Fabricius, from where the corresponding cells move to other parts of the small intestine.
The development of GALT in chickens before and immediately post-hatch is an insufficiently studied matter; there are only few reports about studying B-lymphocytes in the bursal sac (105, 106) . In post-hatch chicks, histological investigation of the intestine reveals a small number of lymphoid structures providing both innate and acquired immunity. However, more sensitive molecular techniques, e.g. assessing the expression of genes encoding receptors of B-and T-cells, reveal lymphocytes in the intestine of hatching chicks (107) . Number of lymphocytes changes simultaneously with waves of migration of T-cells from the thymus (74) and emergence of peripheral B-cells (86, 108) . These lymphocytes are functionally inactive due to low expression of cytokines (IL-2 and IFN-) at this period (107) .
The major (second) migration wave of immune cells (after the 4 th day of post-hatch life) coincides with development of intestinal parenchyma under a similar trend for both T-and B-cells (107) . Intestinal and cecal populations of lymphocytes are almost equal in size, but in the intestine it emerges somewhat earlier. Rapidly increased expression of cytokines (IL-2 and IFN, respectively, activation factor and effector factor) indicates completely mature lymphocytes; they appear at this period after stimulation by activation (107) . Enhancement of lymphoid function in the intestine depends on contact with bacteria and occurs simultaneously with development of enterocytes and the villi (109) . The large intestine (ceca and colon) functionally maturate earlier than the small intestine (107, 109) . According to present data, there's a correlation between functional maturity of the intestine and complete development of local immune system.
Maternal antibodies are well known as quite important for prevention of diseases in post-hatch chicks (110) , but their role is yet poorly studied. It was shown in chickens that maternal antibodies protect from colonization by Campylobacter jejuni (111), though they are less effective against intracellular parasitic bacteria such as Sallmonella spp. (112) . Relations between the activity of innate immunity in the 1 st week of life and the efficiency of defense against pathogenic enterobacteria need further investigation as well. At the same time, it was demonstrated that experimental oral infestation of 1-day-old chicks with Salmonella induce local chemotaxis of phagocytes and subsequent phagocytosis (113) .
The development of GALT was observed in healthy chicks in the 1 st week of life (114) along with studying the expression of three genes encoding proinflammatory cytokines and chemokines IL1, IL8 and K203A. IL1 is the major mediator of inflammation in mammals and birds; it is synthesized primarily by monocytes and tissue macrophages (115, 116) , as well as by other cells including enterocytes (117) (118) (119) (120) . In chickens, IL1 participates in inflammatory responses caused by bacterial infection or LPS stimulation; IL1 induces fever (high body temperature) and chemokine production (115, 116) . Comparing the synthesis of IL1 mRNA immediately post-hatch and two days later, it remained almost unchanged in the colon and in ceca, while increased almost twice in the duodenum on the 2 nd day of life (probably, due to the first feeding and bacterial colonization in the gut) (121, 122). IL8 and K203 are major chemokines belonging to subfamilies, respectively, CXC (one amino acid between two N-terminal cysteines) and CC (two N-terminal cysteines not separated by any amino acids) (123, 124) . CXC chemokines are involved in activation of neutrophils: they increase chemotaxis and expression of adhesive molecules and promote adhesion to endothelial cells. They also increase exocytosis of lysosomal enzymes of angiogenesis and expression of complement receptors. CC chemokines induce migration of monocytes and other cells (e.g., NK and dendritic cells). Local production of chemotactic signals (chemokines and their receptors) regulates infiltration of leukocytes in tissues. It was shown in chickens that IL8 and K203 are involved in recruitment of mononuclear cells and development of myeloid precursors (125, 126) . In different parts of the intestine expression of K203 and IL8 varies: increased expression of K203 mRNA occurs in both duodenum and colon, while IL8 mRNA -mostly in ceca and a slightly increased expression in the colon. Such different expression of chemokines in the studied regions can be explained by unequal distribution of cells providing innate immunity. For example, the abundance of heterophils in the colon is correlated with increased expression of IL8 (127, 128) . It's yet unclear if IL8 is synthesized by these cells (128) or it is the product of some other cells that just attracts heterophils (128) . Recently it was shown in chickens that natural bacterial colonization of ceca stimulates increased expression of IL8 and IL17 cytokines in the 1 st week of life (129), which modifies their immune response and enhances resistance to Salmonella infection. Supposedly, varying expression of chemokine genes may be caused by innate immune mechanisms responding to individual differences in microbial population. Undoubtedly that normal microbiota may vary in both chickens (121) and mammals, and it modulates variable expression of genes in intestinal tissues (130) (131) (132) .
As regards mRNA for -defensin, its synthesis is enhanced already at hatching in all parts of the gut, and then it declines in the 1 st week of life owing to the two possible reasons. Firstly, -defensins can be produced not only (and not so much) by heterophils but also in many other tissues including the intestinal epithelium; a significant level of these antimicrobial peptides in a new hatched chick may reflect preparation of its enterocyte lining for upcoming bacterial invasion (however, expression of gallinacins in the intestinal epithelium wasn't observed). Secondly, in the intestine gallinacins bind solely to heterophils or to granulocyte granules while, according to available data, maturation of protein granules occurs during preparation of the gut to postnatal development (regardless of bacterial colonization). Therefore, both these explanations show the production of defensins as related with preparation to bacterial invasion. Increased expression of defensins in newly hatched chicks may indicate maturation of heterophils at this period proved by histological evidence. Enhanced synthesis of defensins in chicken gut after the 1 st week of life probably reflects completing of maturation by immature heterophils (both migrants and ones formed in the intestine after differentiation).
The expression of PS1 gene affecting early stages of granulopoiesis was studied in the intestine of chickens (133, 134) . In mammals, it is associated with azurophil granules of polymorphonuclear leukocytes (133) . In duodenum and ileum of chicks, active synthesis of PS1 gene product occurs before and immediately post-hatch (which presumes enhanced granulopoiesis), and later it declines. In the large intestine the expression of PS1 gradually increases during the first week of life, which may be caused by attraction of extra granulocytes under bacterial stimulation.
Consequently, some findings (114) indicate maturity of the innate immune system in the developing gut including two groups of defense mechanisms. The first group is represented by local processes of extramedullary granulopoiesis independent from food and bacteria; they are confirmed by histological evidence and observed expression of several genes (PS1, genes of -defensins). Extramedullary changes occur before hatching in the small intestine and do not occur in the colon. The second group of mechanisms is associated with expression of pro-inflammatory cytokines and chemokines caused by the contact with feed and microbiota. This response arises immediately after hatching, it is most pronounced in the large intestine as major region of bacterial colonization. Rapid increase in expression of these genes shows the readiness of the intestinal immune system for immediate response to external stimuli. Along with it, in the first two weeks of life, in all parts of the gut (especially in ceca) increases the number of polymorphonuclear cells (114) .
So, in early post-hatch period of life, a chicken experiences stimulation of innate immunity in the gut with participation of pro-inflammatory mediators, resident leucocytes, recruited blood leukocytes, and, later, lymphocytes. Chicks start eating immediately after leaving the egg shell, so their immune system is initially focused on acquiring a tolerance; however, colonization of the intestinal microbiota meets immunologically mature GALT pre-programmed for the immune response. Notably that the maintenance of antigen-specific tolerance induced in the first 4 days of life depends on re-exposure to specific antigens; without a repeated contact during 4-6 weeks, the tolerance is replaced by immune response to oral administration of this antigen. Today, it is yet unknown the source of this induced tolerance -whether it is the intestine, central or peripheral immune organs.
In contrast to food-dependant maturation of enterocytes, functional activity of GALT is stimulated by microflora. This results in earlier maturation of GALT in the hindgut compared with the small intestine whose microbial population is much smaller than in the large intestine. Practically this means that chicks should be given a feed as soon as possible after hatching, because it improves their tolerance to nutrients and provides early start of immune responses, better immune defense and development of the digestive system. Stimulation of the muscle tissue development is another important aspect discussed in the earlier authors' work (135) . Of course, immature lymphoid system may be not ready for the impact of external agents harmful for birds' health; this threat is partially overcome due to innate maternal antibodies -that's why vaccination of hens is so important. Along with it, early contact of chicks with droppings stimulates development of their immunity through the contact of the hindgut with external microflora.
Modul a t i on of gut i m m uni t y. The intestinal immune system experiences stresses as well as general immune system of an organism (57, 136, 137) , and its immunomodulation obeys to the same principles as descried earlier. In particular, the central role in gut immunity belongs to prooxidant-antioxidant balance (138) (139) (140) that largely determines reliability of immune mechanisms. Maintenance of this balance is associated with vitamin E recycling system along with Zn and Mn necessary as components of the active site of superoxide dismutase, the main antioxidant enzyme. These components, along with ascorbic acid and Se, are available in the new generation antistress medication Feed-Food Magic Antistress Mix whose target is formation of efficient gut immunity.
Intestinal mucous membranes prevent penetration of pathogens in the gut, so it's important to ensure their integrity by an optimum osmotic balance. That's why Feed-Food Magic Antistress Mix contains osmotic betaine in combination with a mixture of electrolytes. Betaine is quite important for normal structure of the chicken gut, especially under stress (141, 142) . This substance is osmoprotector for macrophages that enhances their chemotaxis and release of nitric oxide in response to the stress caused by coccidia (143) . A broad spectrum protective action of betaine includes inhibition of inflammation, lipid peroxidation (LPO), prevention of oxidative stress in the endoplasmic reticulum, and apoptosis (144) (145) (146) (147) . Betaine also inhibits the synthesis of toll-like receptor 4 (TLR4, or CD284 -a membrane protein involved in innate immune responses) thereby providing defense under stress (148) .
Intestinal mucosa is the location of quite dynamic metabolic processes, a physical and chemical barrier to foreign agents in the digestive tract; its epithelial cells mediate interaction between the immune system and various proteins in the gut lumen some of which aren't safe for an organism. Carnitine is another component of the new antistress medication; it is considered as the key factor in regulation of these interactions, along with oxidative stress, activation of immune cells, and integrity of epithelial barriers (149) . Carnitine allows better control over formation of superoxide radicals in neutrophils (150) and macrophages (151) isolated from old rats, and enhances their chemotaxis. This substance showed a strong protective effect in gastric disorders of rats (152) . As found in mice deficient in specific carnitine transporters, the lack of carnitine leads to spontaneous atrophy of epithelial cells in the small intestine and colon inflammation (153) . In old rats, dietary administration of carnitine for 21 days contributed to significant reduce in formation of LPO products and improved activity of antioxidant enzymes -superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase. Along with these positive changes, the animals exhibited enhanced proliferation of T-cells in response to various agents, decline in rate of DNA damage and apoptosis of lymphocytes (154) . In old animals, carnitine normalizes the function of neutrophils, immunoreactivity, and increases the levels of IgA and IgG (i.e. restores their immunocompetence associated with aging) (155) . Dietary supplemented carnitine enhances humoral immunity of growing chicks (156) and the synthesis of acute phase proteins (157) . Carnitine provides a significant positive effect in chickens under heat stress (158; watering it for the first 3 weeks of life significantly improves growth and feed consumption (159) . Carnitine-supplemented diet of parental flocks positively affects the development of immunity in their offspring (160) .
Vitamin A is another important component of the new antistress drug; after metabolic conversion to retinoic acid, vitamin A participates in regulation of activity of T-lymphocytes in the intestine (161, 162) . Intestinal endothelial cells and dendritic cells have retinaldehyde dehydrogenase activity necessary for the conversion of vitamin A to retinoic acid. Retinoic acid plays a key role in development of immunotolerance in the gut (163), i.e. effective recognition of "friend or foe" and prevention of allergic reactions. Besides, retinoic acid is necessary for formation of intestinal dendritic cells (164) .
Folic acid is important for normal functioning of regulatory T-cells. They have a strongly expressed folate receptor 4 (165), while folic acid is regarded as a limiting factor for survival of regulatory T-lymphocytes (166) . An experimentally proved fact is that regulatory T-cells differentiate from naive T-cells and immediately die under the deficit of folic acid. The deficit of folic acid leads to reduce in number of regulatory T-lymphocytes in the gut.
Organic acids included in the proposed antistress medication cause a positive effect on histological structure of the small intestine (167) , which, in turn, increases functional reactivity of the immune system.
First days of post-hatch life are quite important for development of the gut immunity in chickens, so providing them the new antistress drug at this period ensures better development of the gut and its immune system (135, 168) . It also relives the harmful effect of feed mycotoxins seen as major stressors and suppressors of the general immune system and gut immunity (169) . Watering the antistress drug reduces negative effects of mycotoxin DON (170, 171) , ochratoxin (172, 173) , and T-2 toxin (174, 175) . Besides, the concept of nutrients affecting the activity of vitagenes and increasing adaptive capacities of the organism under stress is applicable to the gut immunity as well (176) .
Thus, analysis of the scientific literature clearly shows that gut immunity plays the essential role in maintenance of health, productive and reproductive qualities of farm animals and poultry. Certainly, mechanisms of the immune tolerance to nutrients and beneficial microorganisms ("friend or foe" recognition), and immune response expressed at this level, need further exploration. At the same time, successful experiments with watering of the new developed immunomodulatory antistress medication to farm animals show significant future prospects of the proposed concept.
